| INTRODUC TI ON
MicroRNAs (miRNAs) are 18-25 nucleotide noncoding RNAs that suppress the translation and stability of their target mRNAs generally through imperfect base-pairing binding to the 3′ untranslated regions (3′ UTRs) of these target mRNAs (Rana, 2007) . Research has increasingly suggested that diverse microRNAs (miRNAs) participate in numerous biological processes such as embryo development, stem cell pluripotency, differentiation, cell proliferation and apoptosis (Chen et al., 2017 , Dernowsek et al., 2017 Liu, Zhang, Sun, Su, & You, 2017; Wang et al., 2017; Zhang, Wang et al. 2015) , but the functioning patterns and target genes of most miRNAs are still unknown. DNA methylation is crucial for mammalian embryo development which is dynamically regulated by the action of the DNA methyltransferases (DNMTs) and ten eleven translocation enzymes (TETs) (Ambrosi, Manzo, & Baubec, 2017; Li & Zhang, 2014; Lim, Knowles, Solter, & Messerschmidt, 2016) . As both targets and effectors of DNMTs and TETs, miRNAs play pivotal roles in regulating DNA methylation (Hua et al., 2017; Jin, Li, Ouyang, Tan, & Jiang, 2017; Shivakumar et al., 2017) . DNA methylation can inhibit the transcription of miRNAs by methylating the CpG islands in the promoter regions of miRNAs, and certain miRNAs can directly target DNA methylation-related enzymes, thereby affecting the whole genome methylation pattern (Chhabra, 2015) . The members of the miR-29 family have been shown to take part in the development of mouse preimplantation embryos by regulating the expression of Dnmt3a and Dnmt3b (Zhang, Wang et al. 2015) , and they have also been proven to directly regulate TETs by directly repressing Tet1 expression during the early differentiation of embryonic stem cells (ESCs) (Cui, Li, Yang, Li, & Le, 2016) . However, the role of miR-29 during porcine embryo development has not been reported so far.
MicroRNA-29b (miR-29b) is a member of the miR-29 family, which targets DNA methyltransferases (DNMTs) and ten eleven translocation enzymes (TETs), thereby regulating DNA methylation. However, the role of miR-29b in porcine early embryo development has not been reported. In this study, we examined the effects of miR29b in porcine in vitro fertilization (IVF) embryos to investigate the mechanism by which miR-29b regulated DNA methylation. The interference of miR-29b by its special miRNA inhibitor significantly up-regulated Dnmt3a/b and Tet1 but downregulated Tet2/3; meanwhile it increased DNA methylation levels of the global genome and Nanog promoter region but decreased global DNA demethylation levels. The inhibition of miR-29b also resulted in a decrease in the development rate and quality of blastocysts. In addition, the pluripotency genes Nanog and Sox2 were significantly downregulated, and the apoptosis genes Bax and Casp3 were upregulated, but antiapoptosis gene Bcl-2 was downregulated in blastocysts. Our study indicated that miR-29b could regulate DNA methylation mediated by miR29b-Dnmt3a/b -Tet1/2/3 signaling during porcine early embryo development.
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Here, we found that the inhibition of miR-29b up-regulated DNA methylation in porcine early embryo development. Our study indicated that miR-29b played an indispensable role in porcine early embryo development mediated by miR29b-DNMTs-TETs signaling.
| MATERIAL SANDME THODS
All chemicals and reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA), unless otherwise stated.
| Oocytecollectionandinvitromaturation
Porcine ovaries were collected from a local abattoir (Changchun Huazheng, Jilin Province, China) and transported to the laboratory within 2-4 hr. The follicular fluid containing cumulus-oocyte complexes (COCs) from 3 to 6 mm porcine ovarian follicles was aspirated using an 18-gauge needle. COCs, whose cumulus cells form at least three layers, were selected, washed three times in manipulation fluid (TCM-199 supplemented with 0.1% polyvinyl alcohol), and then cultured in in vitro maturation (IVM) media (Liu et al., 2012) . Approximately 30 COCs were each cultured in a 100 μl drop of maturation medium (TCM-199 supplemented with 10 μg/ml epidermal growth factor, 0.5 μg/ml porcine luteinizing hormone, 0.5 μg/ml porcine follicle-stimulating hor- 
| Invitrofertilization(IVF)
Fresh semen was washed three times with DPBS containing 0.1% BSA and centrifuged at 300 g for 5 min, and then, the supernatant was removed. The sperm were resuspended with fertilized medium (mTBM (Alminana et al., 2008) ) containing 2 mg/ml BSA and 2 mmol/L caffeine, and then were cultured for 30 min. Twenty-five denuded matured oocytes were each cultured in 100 μl of fertilization medium containing diluted spermatozoa, with a final sperm concentration of 1.6 × 10 5 -5.0 × 10 5 sperm/ml, at 38.5°C and 5% CO 2 for 6 hrs. After washing off the adherent sperm, the fertilized oocytes were transferred to PZM-3 (Yoshioka, Suzuki, Tanaka, Anas, & Iwamura, 2002 ).
| MicroinjectionofthemiR-29binhibitor intoOocytes
Before microinjection, the oocytes were cultured in hormonecontaining maturation medium for 24-26 hrs. The miRNA inhibitor specific for porcine miR-29b (ssc-miR-29b) was microinjected into the cytoplasm of oocytes at a dose of 20 μmol/L (5-7 μl) per oocyte performed using a Nikon TE2000-U inverted microscope (Nikon, Tokyo, Japan) and an Eppendorf Cell Tram Vario system (Eppendorf, Hamburg, German). The miRNA inhibitor negative control (NC) was microinjected into oocytes in the same way to serve as the negative control, while non-injected oocytes were used as the normal control. The sequence of ssc-miR-29b inhibitor was (5′ to 3′):
AACACUGAUUUCAAAUGGUGCUA; the sequence of miRNA NC inhibitor was (5′ to 3′): GAGUACUUUUGUGUAGUACAA. Two inhibitors used for microinjection were artificially synthesized (Sangon Biotech, Shanghai, China). After injection, the oocytes were transferred to hormone-free medium for continuous maturation for up to 20 hr and then used for IVF.
| RNA(miRNA/mRNA)isolationandRealtimePCR
The miRNAs were extracted from different stages of embryos Table 1 .
| Immunofluorescence(IF)staining
The zona pellucida of embryos was dissolved by acidic tyrode solu- The same exposure times and microscope settings were used for all captured images. Each experiment was biologically replicated at least three times. Fluorescence intensity was analyzed using ImageJ software.
| SodiumbisulfitegenomicsequencingPCR (BSP)
Bisulfite sequencing was used to analyze the locus-specific DNA methylation of embryos as described previously (Zhang, Tang et al. 2015) . Briefly, at least 10 IVF blastocysts were treated with lysis solution (10 mmol/L Tris-HCl, pH 7.6, 10 mmol/L EDTA, 1% SDS, and 20 mg/ml of proteinase K in ddH 2 O) for 1.5 hrs at 37°C. Then, the samples were boiled for 5 min, cooled on ice and briefly centrifuged. A total of 4 ml of 2 mol/L NaOH was added and incubated for 15 min at 50°C. Samples were mixed with twofold volumes of 2% agarose and pipetted into cool mineral oil to form small agarose beads. Then, the agarose beads were treated with freshly prepared bisulfite solution (2.5 mol/L sodium metabisulfite and 125 mmol/L hydroquinone, pH 5) for 3-5 hrs in the dark and covered with mineral oil at 50°C. The agarose beads were rinsed by Tris-EDTA buffer (pH 8.0) four times for 15 min. After incubation in 0.2 mol/L NaOH 2 times for 15 min, the agarose beads were washed with Tris-EDTA 
| Statisticalanalysis
Each experiment was biologically replicated at least three times.
The statistical analysis was conducted by one-way ANOVA using Statistics Production for Service Solution (SPSS) 19.0 software (Chicago, IL, USA). The statistical standards of significant and extremely significant were considered at p-values of <.05 and <.01, respectively.
| RE SULTS

| ExpressionpatternsofmiR-29b,DNMTsand TETsinporcineIVFembryos
To study the expression patterns of miR-29b, DNMTs and TETs, the IVF embryos were collected at different stages. MiR-29b was maintained at a lower level from the 2-cell stage to 4-cell stage and then increased to a high level at the 8-cell stage and blastocyst stage (Figure 1a) . Both Dnmt3a and Dnmt3b were highly expressed at the 2-cell and 4-cell stages and decreased significantly to a very low level after the 4-cell stage until the blastocyst stage (Figure 1b,c) .
However, the expression of Dnmt1 showed a falling trend from the 2-cell stage to blastocyst stage, which differed from that of Dnmt3a/b (Figure 1d ). Similar to miR-29b, both Tet1 and Tet2 were maintained at a relatively low level before the 8-cell stage and increased to a very high level at the 8-cell stage; then, Tet1 continued to increase at the blastocyst stage, which that was contrary to Tet2 (Figure 1e ,f). The case of Tet3 was somewhat special, and its expression was at high level from the MII stage to the 2-cell stage but dropped at the 4-cell stage followed by a small increase in at the 8-cell stage (Figure 1g ).
| DevelopmentalcapacityofporcineIVF embryosaftertheinhibitionofmiR-29bactivity
The MII oocytes microinjected with either the miR-29b inhibitor or negative control (NC) inhibitor were used for IVF. The interference efficiency of miR-29b was detected in blastocysts, and miR29b in the miR-29b inhibitor group (inhibitor group) was obviously lower than the non-injected group or NC inhibitor-injected group (negative-injected group) (Figure 2a ). The interference of miR-29b
did not result in an abnormal cleavage rate but obviously reduced the blastula rate and total number of blastocysts compared with the non-injected group; however, the developmental capacity of the negative-injected group had no obvious difference compared with the non-injected group (Table 2 and Figure 2b ).
F I G U R E 1
Expression patterns of miR-29b, DNA methyltransferases (DNMTs) and ten eleven translocation enzymes (TETs) in porcine early embryos. The gene expression levels in metaphase-II (MII) oocytes were used to calibrate the sample (expression set to 1). Data are expressed as the mean ± SD for three replicates. Different letters (a-e) denote significant differences, p < .05. (a) The mRNA expression level of miR-29b from the MII stage to the blastocyst stage. U6 snRNA was used as the house-keeping gene. (b-g) The mRNA expression levels of Dnmt3a/3b/1 and Tet1/2/3 from the MII stage to the blastocyst stage. Gapdh was used as the house-keeping gene
| InhibitionofmiR-29bactivityregulated DNAmethylationduringporcineearlyembryo development
After the interference of miR-29b, the mRNA expression levels of DNMTs and TETs were detected in blastocysts. Dnmt3a and Dnmt3b
were significantly upregulated; however, no effect on Dnmt1 was observed (Figure 3a-c) . Tet1 was also significantly upregulated, which was the opposite of Tet2 and Tet3 (Figure 3d-f) . The blastocysts in the inhibitor group showed a stronger 5mC signal; however, the 5hmC signal was decreased to some extent compared with the noninjected group (Figure 3g-i) . As a representative of developmentrelated genes, Nanog was selected to detect the DNA methylation level of its promoter region at the blastocyst stage. BSP results showed that the DNA methylation level of the Nanog promoter region was obviously higher in the inhibitor-injected group than the non-injected group (Figure 3j and k) .
| QualityofporcineIVFblastocystsafterthe inhibitionofmiR-29bactivity
The mRNA expression levels of multiple genes important for embryo development were detected in blastocysts derived from the three groups.
Compared with the non-injected group, for pluripotency-related genes, Nanog and Sox2 were significantly downregulated in the inhibitor group, but no effect on Oct4 was observed ( Figure 4a-c) ; for apoptosis-related genes, apoptosis genes Casp3 and Bax were significantly upregulated, in contrary to the anti-apoptosis gene Bcl-2 ( Figure 4d-f) ; however, the expression levels of these six genes mentioned above in the negativeinjected group showed no obvious difference compared with the noninjected group. TUNEL apoptotic staining of blastocysts derived from the three groups showed that the number of apoptotic cells significantly increased after miR-29b inhibition (Figure 4 g ).
| D ISCUSS I ON
The space-time characteristics of miRNAs in mammalian embryos suggest that miRNAs are tightly regulated and play critical roles during mammalian embryo development. MiR-29b has been found to be very important for early embryo development in mice (Wang et al., 2016; Zhang, Wang et al. 2015) , but the role of miR-29b in other mammalian embryos had not been reported.
A previous study showed that the expression of miR-29b was relatively high in mouse 2-cell embryos, whereas it decreased from the 4-cell stage and maintained a lower level until implantation F I G U R E 2 Embryo development was blocked at the blastocyst stage following microinjection of the miR-29b inhibitor. (a) The mRNA expression levels of miR-29b in miR-29b inhibitor-injected embryos compared with negative control-injected embryos and non-injected embryos at the blastocyst stage. U6 snRNA was used as the house-keeping gene. The gene expression levels in the non-injected embryos were used to calibrate the sample (expression set to 1). Data are expressed as the mean ± SD for three replicates. Asterisks denote significant differences, *p < .05. (b) Blastocysts injected with the miR-29b inhibitor compared with the negative-injected and non-injected groups. Data are the mean ± SEM of at least three trials. Values in the same column with different superscripts differ significantly (p < .05). (Zhang, Wang et al. 2015) . Our study showed the miR-29b was expressed in the MII phase of porcine oocytes with a very low expression level; after IVF, the expression level was significantly increased at the 2-cell stage, once again increased at the 8-cell stage, and slightly decreased at the blastocyst stage. Although the gene sequences of miR-29b was highly conserved in evolution, the expression patterns of miR-29b were completely different between murine and porcine IVF embryos (Ikeda, Namekawa, Sugimoto, & Kume, 2010) . Our study showed that the specific expression pattern of miR-29b in porcine IVF early embryos was different from that in mouse embryos.
Previous studies have described the regulatory relationship between miRNA and DNA methylation. Genomic DNA methylation undergoes a dynamic reprogramming process during embryo development (Hu et al., 2008) , but the regulatory functions of miR-29b on epigenetic modification were rarely reported in mammalian embryos except for mice. In mouse early embryos, miR-29b was found to regulate DNA methylation by targeting to Dnmt3a/3b, but the relationship between miR-29b and the TET family was not studied (Zhang, Wang et al. 2015) . Our results showed that the expression pattern of miR-29b was the opposite of Dnmt3a/3b, but similar to Tet1/2. However, the expression patterns of Dnmt1 and Tet3 were not significantly correlated with miR-29b. Our study indicated that miR-29b might closely relate to not only DNMTs but also TETs during porcine early embryo development.
The expression of Dnmt3a/3b increased markedly in the miR-29b
inhibitor-injected mouse early embryos, which caused the 5mC level to increase and led to a developmental block (Zhang, Wang et al. 2015) , but the effects on Dnmt1 and the TET family were not studied. The overexpression of miR-29 could directly repress Tet1 and 5hmC, but not Tet2/3 in mouse ESCs (Cui et al., 2016) . In our study, we interfered with miR-29b by using its inhibitor to explore its effects on porcine early embryo development. The downregulation of miR-29b did not significantly affect the cleavage rate but led to a significant decrease in the blastocyst rate and the number of blastocyst cells, indicating that miR-29b played a key role in porcine early embryo development F I G U R E 3 Effects of interfering the expression of miR-29b on global DNA methylation at blastocyst stage. (a-f) The mRNA expression levels of Dnmt3a/3b/1 and Tet1/2/3 in three group. The gene expression levels in the non-injected embryos were used to calibrate the sample (expression set to 1). Data are expressed as the mean ± SD for three replicates. Asterisks denote significant differences, *p < .05. Gapdh was used as the house-keeping gene. (g) Immunofluorescence of 5mC (green) and 5hmC (red) in three group. Scale bars: 100 μm.
(h and i) Semi-quantitative fluorescence intensity analysis of 5mC and 5hmC staining. Data are all expressed as the mean ± SD. Asterisks denote significant differences, *p < .05. (j and k) The DNA methylation levels at the Nanog promoter regions in miR-29b inhibitor-injected embryos and noninjected embryos . ( ) Non-injected group; ( ) Negative-injected group; ( ) Inhibitor-injected group especially from the 8-cell to blastocyst stage. After the interference of miR-29b, Dnmt3a and Dnmt3b were significantly upregulated, but there was no significant effect on Dnmt1 at the porcine blastocyst stage, which was different from the previous study in human acute lymphoblastic leukemia (Garzon et al., 2009 ). This might be because Dnmt1 was not the direct target gene of miR-29b and necessary intermediate regulatory factors lacked in early porcine embryos. The expression of Tet1 was upregulated after the interference, which was opposite of Tet2/3. In the meantime, the interference of miR-29b clearly led to the 5mC level increase at the porcine blastocyst stage, which corresponded to the upregulation of Dnmt3a/3b. However, the 5hmC level was slightly decreased, and we speculated that Tet1 upregulation could not compensate for the reduced Tet2/3. Furthermore, we chose Nanog, a vital pluripotent gene, as a representative to detect the DNA methylation level of its promoter region. After the interference of miR-29b, the DNA methylation level of the Nanog promoter region was significantly increased, which was consistent with the change in the 5 mC/5 hmC level. Our study further indicated that miR-29b could regulate DNA methylation by targeting Dnmt3a/3b and Tet1/2/3.
Pluripotent genes play crucial roles during early embryo development. In mouse embryos, the inhibition of miR-29b causes overexpression of its target genes, triggering downstream signaling networks to decrease the expression of genes that are essential for embryo development, such as Nanog (Wang et al., 2016) . Our results showed that after the interference of miR-29b, the expression levels of Nanog and Sox2 were significantly down-regulated while the expression of Oct4 had no significant difference. The change in Nanog expression was consistent with the DNA methylation level of its promoter region. Our study indicated that miR-29b might regulate the expression of key pluripotent genes, such as Nanog and Sox2, by affecting the DNA methylation level, thereby affecting embryo development and the quality of blastocysts.
Apoptosis was also very important for embryo development. The exogenous introduction of miR-29b in hepatocellular carcinoma cells could significantly reduce the expression of the anti-apoptotic genes
Bcl-2 and Mcl-1, thereby promoting cell apoptosis (Flavin et al., 2009 ).
However, miR-29b might play an opposite role in non-cancerous cells;
for example, miR-29b could inhibit apoptosis in mammary epithelial cells . In our study, the proapoptotic genes Bax and Casp3 were significantly upregulated in miR29b-inhibited blastocysts, while the anti-apoptotic gene Bcl-2showed the opposite result, and the number of apoptotic cells in miR29b-inhibited blastocysts was significantly increased. Therefore, we speculated that miR-29b might inhibit apoptosis during early embryo development, and the interference of miR-29b would to some extent promote cell apoptosis and thereby reduce the developmental rate and blastocyst quality.
In conclusion, our study indicates that miR-29b plays an indispensable role in regulating DNA methylation during porcine early embryo development mediated by miR29b-Dnmt3a/3b -Tet1/2/3 signaling. 
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